Callitrichids are unusual among anthropoid primates in that they can deliver one to four offspring per litter in captivity. Factors underlying intraspecific variation in litter size are unclear. Data from the Oak Ridge Associated Universities (ORAL)) Marmoset Research Center provided an opportunity to investigate determinants of variation in (1) average litter size at birth and (2) average litter size surviving to 2 weeks of age in Saguinus fuscicollis, S. oedipus, and Callithrix jacchus. The objectives were to (1) investigate the impact of parity, husbandry, origin (wild or captive), and subspecific hybridization on phenotypic variance in litter size and (2) to estimate the heritability of litter size at birth and at 14 days. Husbandry changes were the only significant covariate and increased litter size at birth in C. jacchus only. Heritability estimates for average litter size at birth were significant only in S. fuscicollis {h 2 = 0.306). Heritability of average litter size at 2 weeks of age was not significantly greater than zero. Estimates of genetic variability were relatively high, however both traits had very high levels of residual variance. The results suggest that litter size is a malleable trait that may respond to environmental factors.
In all animal populations individuals differ in the number of offspring they produce. The number of offspring produced by an individual contributes to their relative fitness, and differential fitness is one of the fundamental components of evolutionary theory. Understanding the factors affecting these differences is important for studies of population dynamics, selection, and evolution. In litter-bearing species, litter size contributes heavily to the total number of offspring produced. The current study focuses on genetic and environmental influences on litter size.
Estimates of heritability of litter size in domestic and laboratory species range from 0.05 for swine (Strang and Smith 1979) to 0.39 for mice (Bradford 1968) . Studies have also reported low repeatability for litter size within dam [0.45, mice (Falconer 1981) ; 0.12, cattle (twinning) (Gregory et al. 1990) ]. The low repeatability within females suggests that proximate environmental variables may contribute heavily to variation in litter size. It has been suggested that within a species maternal body weight is positively correlated with litter size (Elliot et al. 1968; Tardif and Jaquish 1994) . However this relationship does not hold true for all species (Bradford 1985; Milne 1987) . Gregory et al. (1990) found that season significantly affected twinning rate in cattle. Diet has also been suggested as an influence on litter size. Increased protein or caloric intake in captive callitrichids has been associated with an increase in the number of triplet deliveries and triple ovulations (Kirkwood et al. 1983; Tardif and Jaquish 1994) .
The marmosets and tamarins (Family: Callitrichidae) share some unusual reproductive characteristics that give them extremely high fecundity compared to other primates. They have a relatively short gestation period (range 140 to 180 days) and there is no lactational suppression of postpartum ovulation. In captivity callitrichids can deliver between one and four offspring per litter, with two being the most common. The relatively short gestation coupled with postpartum ovulation enable callitrichids to deliver up to two litters per year in captivity. Factors influencing variation in litter size and reproductive output in this group are not clearly understood.
In this study we (1) evaluate environmental variables that contribute to phenotypic differences between females in average litter size and early infant survival and (2) estimate the contribution of genetic factors to average litter size and early infant survival in three species of callitrichids.
Methods
Data used in this study were from demographic records at the Oak Ridge Associated Universities (ORAU) Marmoset Research Center. Demographic and pedigree information on all animals in the colony from 1962 through June 1992 were used for analysis.
Details of colony management and animal husbandry at ORAU have been published elsewhere (Clapp and Tardif 1985; Gengozian 1969) . However, there have been some changes in management and husbandry that merit discussion. Prior to 1979 breeding animals were housed in rooms at the main facility (Gengozian 1969) . In 1979, cage volume and complexity was increased with the completion of a separate breeding facility (Clapp and Tardif 1985) . At approximately the same time (1978) changes were made to the base diet of the animals which increased protein and vitamin content (Clapp and Tardif 1985) .
The data used in this study consist of 951 litter records for 196 S. fuscicollis females, 524 litter records for 119 5. oedipus females, and 195 litter records for 66 C. jacchus females. Two reproductive traits were calculated for each dam who had more than one litter: average litter size at birth (day 0), and average litter size at day 14. Average litter size at day 14 was chosen as a trait because the majority of preweaning infant mortality occurs prior LS at birth and LS at 14 days refer to single litter records. Average LS at birth and average LS at 14 days refer to repeatability calculated using n 0 as the average number of litters per female. " Significantly greater than zero (P < .05).
to this age. Therefore, it is a measure of the average number of infants a female is able to care for until weaning. Number of litters per female ranged from 2 to 20.
Phenotypic Analysis
Repeatability of a trait expresses the proportion of variance due to permanent differences (both genetic and environmental) between individuals and therefore is often used as an indicator of the trait's maximum heritability. Prior to genetic analysis, the repeatability of single litter records (at day 0 and day 14) was calculated. The repeatability of average litter size (at day 0 and day 14) was then estimated using a simple transformation of the repeatability of single litter records which accounted for averaging repeated samples within females (Falconer 1981) .
Parity effects on litter size were investigated prior to the genetic analysis. Linear regressions of litter size on parity (time elapsed since first litter) were performed for each species. Since dams had different numbers of litters, and therefore were differentially represented in the sample, regressions of litter size on parity were also performed for each individual dam.
A comparison of first litter versus subsequent litters within females was made for each species using a paired t test. The average litter sizes of wild caught females were compared to the average litter size of captive born females using an ANOVA.
Genetic Analysis
The statistical procedures used to estimate heritability are based on traditional Mean standardized genetic and residual variabilities were calculated using a coefficient of genetic and residual variation (Houle 1992) . The coefficient of additive genetic variation is calculated in the same manner as a standard phenotypic coefficient of variation (Sokal and Rolf 1981) . Mean standardized measures of genetic variability enabled the comparison of variability across traits.
Results

Phenotypic Analysis
Repeatability of single litter records was low for all species (Table 1) . Repeatability of litter size at birth was significantly greater than zero for C. jacchus only. Repeatability of litter size at 14 days was significantly greater than zero for S. oedipus only. The repeatability of average litter size at birth and at 14 days is much higher than that for single litter records for all species and indicates in most cases that heritability will be low ( Table 1) .
Analysis of parity effects on litter size revealed no significant effects (P > .05; Table 2). Analysis of parity effect for each dam separately revealed that none of the dams with more than two litters showed a significant effect of parity on litter size. A comparison of first litter versus subsequent litters using a paired t test showed no significant difference in any of the species. Analysis of the effect of being wild or captive-born on average litter size did not show significant effects.
Genetic Analysis
Only the heritability estimate for 5. fuscicollis was significantly (P < .05) greater than zero (Table 3 ). The standard errors of the estimates were high. Management changes had a significant positive effect on average litter size at birth in C. jacchus. Hybrid status did not have a significant effect on litter size in S. fuscicollis. None of the heritability estimates for average litter size at 14 days were significantly greater than zero (Table 3) . Also none of the cov- ariates had a significant effect on average litter size at 2 weeks. C. jacchus shows a significant negative environmental correlation (p e = -0.353) between the litter size at birth and at 14 days (Table 3 ). The estimates of genetic correlation (pc) for all species converged at their boundaries; however, they are not significantly different from zero by likelihood ratio tests. This occurred because there is essentially no additive genetic variance for litter size at 14 days to correlate with additive genetic variance in litter size at birth.
The calculated coefficients of residual variation (CVR) are larger for both traits than those for additive genetic variation (CV A ; Table 4 ). This pattern is seen in all three species.
Discussion
Litter size at birth is made up of various component traits, such as ovulation number and embryo survival, which can be affected by many factors. Litter size at 2 weeks is also affected by maternal performance. The large number of environmental variables that can influence these traits results in their low repeatability. Low repeatabilities coupled with a large number of unmeasured covariates and components make it extremely difficult to isolate the genetic variance.
The significant positive effect of husbandry changes on litter size at birth suggests that C. jacchus may respond to a higher plane of nutrition with increased reproductive output. This would also explain the negative (but not significant) effect of increased nutrition on litter size at 2 weeks. Larger litters, particularly triplets show significantly higher mortality, thus a smaller number would be alive at 2 weeks of age (Jaquish et al. 1991) . This relationship was confirmed by a significant negative environmental correlation between the two traits. The suggested reproductive response of C. jacchus to nutrition is supported by the preliminary results of Tardif and Jaquish (1994) in which C. jacchus females displayed an increase in ovulation number after being maintained on a highcalorie diet. Furthermore, examination of repeated cycles of females on the standard diet showed that seven out of eight females observed during twin and triplet ovulations weighed more during triplet ovulations.
The lack of management and diet change effects on the Saguinus spp. may suggest that they are more constrained in their ability to respond to nutritional or husbandry factors. C. jacchus consistently shows a lower percentage of singleton litters and a higher percentage of triplet litters as well as a shorter interbirth interval in this population. These results coupled with those of Tardif and Jaquish (1994) suggest that C. jacchus is more prolific and may opportunistically adjust reproductive output in response to dietary or energetic factors.
The low heritability of litter size is in keeping with estimates from a wide variety of species [mice (Bradford 1968; Falconer 1960) ; cattle (Gregory et al. 1990 ); swine (Strang and Smith 1979) ]. Low heritability is often interpreted as a consequence of Fisher's Fundamental Theorem (Mousseau and Roff 1987) . This theorem is generally interpreted to imply that traits that are consistently and closely linked to fitness display low additive genetic variance as a result of natural selection. Most studies (see Mousseau and Roff 1987) support this. However, Houle (1992) has suggested that the coefficient of additive genetic variation (CVJ may be a better measure of genetic variation for evolutionary studies. A review of the quantitative genetic literature revealed that life history traits, such as fecundity, do have relatively high genetic variability (as measured by CVA) and high levels of nongenetic (residual) variance, explaining their low heritabilities (Houle 1992) . The values of CV A and CV R calculated for litter size agree with this pattern. To illustrate this, the CV A for average litter size of S. oedipus was compared to the CV A for body weight in the same population. The value of CV A for average litter size of 5. oedipus (10.63) is larger than the CV A for body weight (8.0; calculated from Cheverud et al. 1994) . The heritability of body weight in this population is 0.34 (Cheverud et al. 1994) compared to a heritability of 0.19 for litter size. It appears that high residual variation contributes to the low heritability of litter size.
The estimate of CV A for average litter size in 5. fuscicollis is larger compared to CV R than in other species (Table 4 ). The S. fuscicollis sample is the largest and has the deepest pedigrees and the most litter records per female. Thus, a large sample with many repeated measures on individuals may help to overcome the problem of high residual variance encountered with life history traits.
The high standard errors of the estimates in this analysis make conclusions regarding levels of genetic variance difficult in 5. oedipus and C. jacchus. However, it appears that high residual variance and small sample sizes contribute to low heritability estimates. It should be reiterated that this analysis is based on 30 years of demographic data. The results show a significant genetic component to litter size in 5. fuscicollis and suggest that litter size may be a malleable trait that is sensitive to environmental variables particularly in C. jacchus. Other environmental factors which may influence within-female variance in litter size (such as diet, health status, body composition, etc.) are currently being investigated.
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